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Abstract 
A numerical simulation is conducted to investigate the characteristics of weak flow generated by array slots jets in a 
high-speed crossflow. The jet to crossflow velocity ratio is 0.055 and the crossflow velocity is 100m/s. Flow field and 
pressure drop performances are compared between the jet with and without array slots. The results show that the 
counter-rotating secondary vortex from the jet with array slots is more clearly induced by the jet-to-crossflow 
interaction than that without array slots, and the maximum of negative pressure of jet with array slots is almost the 
same as that without slots for crossflow, while the skin friction coefficient is 7% higher than that without slots for jet 
flow. 
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1. Introduction 
Turbulent jets issuing into a crossflow is a common flow phenomena for power equipment in energy 
power system, which can be found in various engineering applications, such as internal film cooling of 
turbine blades and exhaust gases dispersal from high-speed trains/buses into the atmosphere et al. Ajersch 
et al. [1] have investigated the complex flow created by a row of six square jets blowing at 90 deg into a 
crossflow using three-dimensional coincident mode LDV and flow visualization. The counter rotation 
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vortex pair is less distinct for velocity ratio R=0.5. Garg [2] has computed the heat transfer coefficient on 
a film-cooled, rotating turbine blade using Wilcox's k-ʘ model, Coakley's q-ʘ  
model, and the zero-equation Baldwin-Lomax (B-L) model. It is found that the k-w model provides the 
best comparison with experimental data. Yao and Maidi [3] have carried out single and multiple square 
jets issuing normally into a cross flow using direct numerical simulations (DNS). The vortex structures of 
single jet to cross flow are in good qualitative agreement with the experimental findings in the previous 
literature. This study is primarily concerned with the flow characteristics of array slots jet in a high-speed 
cross flow. The inlet velocity of the cross flow is 100m/s and the velocity ratios of vj/uc= 0.055. And low 
velocity ratios are used to best represent the conditions of the weak jet in a high-speed train/bus. 
Moreover, comparisons between jet without slots and jet with array slots jet are presented for velocity, 
vorticity and pressure. 
Nomenclature 
D jet diameter(=jet width) (m) 
f friction coefficient 
k turbulent kinetic energy 
p static pressure (Pa) 
R  jet-to-cross flow velocity ratio 
Re Reynolds number 
u,v,w velocity component with respect to axes x, y and z, respectively 
x, y, z Cartesian coordinates  
ȡ density ( kg.m-3) 
ɻ dynamic viscosity ( kg m-1 s-1) 
w vorticity  
z pressure coefficient 
Subscripts 
c cross flow 
j jet 
2. Physical model and numerical simulation 
Figure 1a shows the computational models, whose geometry configuration is similar to Ref. [1], where 
(x, y, z)=(0,0,0) refers to the center of a jet at the jet exit. The square jet is oriented perpendicular to the 
direction of the cross flow and has 12.7mm×12.7mm in cross-section and the jet inlet is located at 5 
hydraulic diameter. The inlet and outlet for the cross flow is located at x/D=-10.5 and 40.5, respectively. 
And the computational domain for cross flow in y and z direction is y/D=f2 and z/D=10, respectively. 
Figure 1b shows the schematic of four slots jet which has (x×y×z)=(0.2mm× 2.1mm× 12.7mm). 
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(a) Jet geometry coordinate system              (b) Schematic of slots 
 
Fig.1. Computational domain (not to scale) 
Air is regarded as the working fluid which is assumed to be incompressible with constant physical 
properties and the flow is assumed to be turbulent, steady and three-dimensional with no viscous 
dissipation. Furthermore, the natural convection is negligible. The SST k-w turbulent model is employed 
to simulate the flow field and pressure field of jet in cross flow. 
The Reynolds number is defined as:  
cRe  u Dρ
η
=                                                                             (1) 
The pressure coefficient, §, is defined as: 
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=                                                                            (2) 
where p is static pressure, ȡ is fluid density, ɻ is dynamic viscosity and uc is mean velocity of cross flow. 
  The skin-friction coefficient, f, is defined as: 
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                                                                           (3) 
where ǻp is the difference between x/D=-5 and 20 for the crossflow, or between inlet of the jet and 
x/D=20 for jet flow. 
3. Results and discussion 
To ensure the accuracy and validity of numerical results, a careful check for the grid-independence of 
the numerical solutions for no slots jet to cross flow has been made among two grid points in x-, y-, and z-
coordinate directions: (1) 2.04 million meshes; (2) 1.30million meshes, It is found that for 
Rej=ȡjvjD/Ș=4700, the relative deviation of the pressure drop difference of cross flow between x/D=-5 
and x/D=10 are less than 2.0% between Grid 1 and Grid 2. Hence, Grid 1 is selected as a reference mesh 
size. The profiles of stream wise velocity at x/D=3 are depicted in Fig.2. Computational results are 
compared with experimental data for R=vj/uc =5.5/11=0.5 in Ref. [1]. From Fig.2, it is found that the 
computational results show better agreement with experimental data. Figure 3 shows velocity vectors (v, 
w) and corresponding streamlines for half plane at x/D = {1, 3, 5} plane. It can be seen that the counter-
rotating vortex pairs (CVP) has been observed at different x/D locations. At x/D=1 and 3, one counter-
rotating vortex pairs has formed, but at x/D=5, another secondary vortex pairs are induced by the CVP at 
the side of the CVP for two kinds of jets. The flow differences of the two jet structures are easily visible 
from the vorticity fields in the x direction (wx), as shown in Fig.4. Note that the positive vorticity axis is 
into the page, as this is the direction of the position x axis.  
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   The size, strength and location of the CVP are more clearly observed through their vorticity fields than 
these are possible from the velocity data. The size of the CVP increases and the strength of the CVP 
decreases with an increase in x/D. At x/D=1, the size, strength and location of the CVP for both jet with 
slots and without slots are almost identical. At x/D=3 and 5, the strength of the CVP from jet with slots is 
larger than that of jet without slots and the size of the CVP is smaller than that of jet without slots. But the 
size and strength of the secondary vortex pairs are nearly identical for both jets at x/D=5.
 
Fig.2. Comparison of computational results with experimental data in Ref.[1] 
 
Z
Y
0 0.005 0.01
0
0.004
0.008
0.012
5.5
 Z
Y
0 0.005 0.01
0
0.004
0.008
0.012 5.5
 Z
Y
0 0.005 0.01
0
0.004
0.008
0.012 5.5
 
x/D=1 x/D=3 x/D=5 
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b) Jet with slots 
Fig.3. Vector field and sectional streamlines at several x/D 
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Fig.4. Vorticity field at several x/D 
  Figure 5 compares the detailed variation of the pressure coefficient  on the symmetry plate (z/D=0) 
along the x direction. The pressure coefficient is not defined for 0.5< x/D < 0.5. It is seen that the absolute 
values of pressure coefficient of jet with slots is higher than that of jet without slots.  
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     Fig.5. Variation of pressure coefficient on the crossflow wall surface 
The difference of the highest negative pressure between jet without slot and jet with slots, however, is 
only 2%. The lengths of reverse flow region are 0.2D and 0.1D far away jet upstream wall for jet with 
slots and without slots (see Fig. 5b), respectively. The skin-friction coefficient of the cross flow for jet 
with slots is slightly identical to that of jet without slots. While the skin-friction coefficient of the jet wall 
surface for jet with slots is nearly 7% higher than that of jet without slots.  
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4. Conclusions 
The fluid flows of weak jet in high-speed cross flow with slots and without slots are compared by three-
dimensional SST k-w turbulent model. The following conclusions can be demonstrated: 
1) For cross flow, the effect of flow field of jet on the cross flow is weak, but the counter-rotating 
vortex pairs and the secondary vortex pairs can be seen along the stream wise direction at two kinds 
of jet, and the cross flow detour vortex is not apparent. The advantage of jet with slots is that its friction 
coefficient is slightly identical to that of jet without slots. 
2) For jet flow, the fluid flow of jet with slots is described by a highly complex flow field that includes 
an evident deflection zone located in the left of jet centerline plane and 0.5D far away jet exit, a vortex 
located at the first slot of jet exit at jet centerline plane along stream wise direction. Moreover, a vortex 
pairs occurs at spanwise plane near jet wall. Hence, the friction coefficient of jet with slots is 7% higher 
than that of jet without slots. 
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